The morphological symmetry of the division process of Escherichia coli is well-known. Recent studies verified that, in optimal growth conditions, most divisions are symmetric, although there are exceptions. We investigate whether such morphological asymmetries in division introduce functional asymmetries between sister cells, and assess the robustness of the symmetry in division to mild chemical stresses and sub-optimal temperatures. First, we show that the difference in size between daughter cells at birth is positively correlated to the difference between the numbers of fluorescent protein complexes inherited from the parent cell. Next, we show that the degree of symmetry in division observed in optimal conditions is robust to mild acidic shift and to mild oxidative stress, but not to sub-optimal temperatures, in that the variance of the difference between the sizes of sister cells at birth is minimized at 37°C. This increased variance affects the functionality of the cells in that, at sub-optimal temperatures, larger/smaller cells arising from asymmetric divisions exhibit faster/slower division times than the mean population division time, respectively. On the other hand, cells dividing faster do not do so at the cost of morphological symmetry in division. Finally we show that at suboptimal temperatures the mean distance between the nucleoids increases, explaining the increased variance in division. We conclude that the functionality of E. coli cells is not immune to morphological asymmetries at birth, and that the effectiveness of the mechanism responsible for ensuring the symmetry in division weakens at sub-optimal temperatures. S Online supplementary data available from stacks.iop.org/PB/11/066005/mmedia
Introduction
Cell division in Escherichia coli is known for its morphological symmetry, and sister cells appear to be phenotypically similar under optimal conditions [1] [2] [3] . This phenotypic similarity relies on an even distribution of many of the cellular components among all progeny cells [4] .
E. coli cells are rod-shaped and grow by elongation under stable growth conditions, with little variation in the width of the minor axis from one generation to the next [1, 5] . Under normal conditions, the constriction plane that defines the point of division [1, 6] is initiated by a septum almost precisely at the midpoint of the longer cell axis [7] [8] [9] . The moment of division appears to be strongly correlated with reaching a specific cell length [10] [11] [12] . The small variance in both the point and the moment of division led to the division process being considered as largely deterministic [13] .
The 'Min system' (Min proteins and FtsZ ring localization) and the positioning of the nucleoids prior to division have been identified as factors affecting the selection of the Physical Biology Phys. Biol. 11 (2014) 066005 (12pp) doi:10.1088/1478-3975/11/6/066005 point of division [3, [14] [15] [16] [17] [18] . In particular, the Min system produces a dynamic distribution of Min proteins whose minimum, at midcell, is believed to be used as a signal to select the site of division [18] . However, measurements suggest that the variability of the location of the minimum in MinD concentration is too high to account for the accuracy of the symmetry in division [18] . As such, there ought to exist other contributing factors. Currently, it is believed that while the Min system places the division point far from the cell poles, i.e. at the midcell region [19] , it is nucleoid occlusion that confers the observable degree of precision, i.e. symmetry, to the division process of E. coli [14] [15] [16] [17] . This is supported by several observations. First, the selection of the point of division in between the two nucleoids appears to be close to random [14] . Also, irregular nucleoid movements affect the angle and position of the constriction plane and thus of the division site [20, 21] . Finally, in both normal and aberrantshaped cells, there is striking co-localization between the nucleoid-free region at midcell and the division point [22] . However, this system is not perfect. Even in monoclonal cell populations, there is some variance in the division point that results in a small set of morphologically asymmetric divisions (for example see [12] , or figure 2(C) of [22] ). It is unknown whether these asymmetries in division generate functional asymmetries between sister cells, but there is a strong possibility that this is the case, since E. coli is not known to possess mechanisms that could counteract the asymmetries in the partitioning of cellular components that would arise from morphological asymmetries [23, 24] .
Even morphologically symmetric division events are expected to not be immune to functional asymmetries arising, e.g. from random errors in the partitioning of RNA and protein molecules [23, 25] . The lowest expected variance, in the absence of a transport mechanism, is obtained by independent partitioning of the molecules resulting in a binomial distribution of the number of inherited molecules, which, for a small number of molecules, can result in large partitioning errors [25] . Provided spatial constraints, the errors and, thus, the functional asymmetries, should accumulate over the generations [26] . For example, unwanted protein aggregates, which accumulate at the cell poles, quickly become nonevenly distributed among the cells [27, 28] . Evidence suggests that the cells inheriting more aggregates have reduced vitality [27] [28] [29] . Morphological asymmetries in cell divisions should further enhance these functional asymmetries.
It is known that the morphology of E. coli cells is environment-dependent. For example, temperature affects the average cell length [30, 31] . However, so far, little is known about the extent to which the morphological symmetry in the division of E. coli cells is robust to non-optimal environmental conditions.
Here, from time-lapse microscopy measurements and using semi-automated image analysis methods, we first verify previous assessments of the degree of morphological symmetry in division in E. coli cells under optimal growth conditions. Next, we search for functional asymmetries resulting from morphological asymmetries in division. In particular, we search for asymmetries in the partitioning of protein complexes in cell division. Afterwards, we explore the effects of mild chemical stresses and sub-optimal temperatures on the degree of morphological symmetry in division. Subsequently, we investigate whether morphological asymmetries in division lead to functional asymmetries between sister cells, in particular, asymmetries in their reproduction rate. Finally, we search for mechanisms capable of explaining our observations.
For these studies, we use E. coli strain DH5α-PRO [32] , since the division rate of these cells is relatively slow [33] which facilitates the automated tracking of cell divisions from time-lapse microscopy images. Also, since the cells are flooded with MS2-GFP proteins, it is possible to extract their shape and size from images taken by confocal microscopy [26] . Further, multiple MS2-GFP proteins bind a specific RNA target, forming MS2-GFP-RNA complexes that can be easily detected, quantified and tracked as they move in the cytoplasm [24, 32, 34] . Finally, these complexes are very long-lived [32] , and thus it is possible to track their long-term spatial distributions and partitioning in division, across several generations [26] .
Methods

Chemicals
Bacterial cell cultures were grown in Lysogeny Broth (LB) media. The chemical components of LB (Tryptone, Yeast extract and NaCl) were purchased from LabM (Topley House, 52 Wash Lane, Bury, Lancashire, UK) and the antibiotics from Sigma-Aldrich (3050 Spruce Street, St. Louis, MO, USA). Isopropyl β-D-1-thiogalactopyranoside (IPTG), Larabinose, and anhydrotetracycline (aTc) used for induction of the target genes are from Sigma-Aldrich. Agarose (SigmaAldrich) was used for microscope slide gel preparation for cell imaging. 30% Hydrogen peroxide (H 2 O 2 ) and 4-morpholine-methanesulfonic acid (MES) used to induce stress are also from Sigma-Aldrich.
Cells and plasmids
Experiments were conducted on E. coli strain DH5α-PRO, generously provided by I. Golding (Baylor College of Medicine, USA), which contains two constructs: (i) PROTET-K133 carrying P LtetO-1 -MS2d-GFP, and (ii) a pIG-BAC (P lac/ ara-1 -mRFP1-MS2-96bs) vector, carrying a 96 MS2 binding site array under the control of P lac/ara-1 [32] .
Induction of production of fluorescent complexes
The dimeric MS2 fused to GFP (MS2-GFP fusion protein) used as a detection tag [32] is expressed from a medium-copy vector under the control of the P LtetO-1 promoter [35] , regulated by the tetracycline repressor. The RNA target for MS2-GFP is located on a single-copy F-based vector, and is controlled by the P lac/ara-1 promoter [35] , regulated by IPTG and Arabinose.
For our measurements, pre-cultures were diluted from the overnight culture to an OD 600 of 0.1, in fresh LB media supplemented with the appropriate antibiotics and kept at an appropriate temperature at 250 RPM in a shaker until they reached an OD 600 ≈ 0.5. Cells were then induced with 50 ng ml −1 of aTc and 0.1% L-arabinose for 45 min, at which point the OD 600 was ∼0.8. Induction of the target RNA production was completed by adding 1 mM IPTG, and cells were incubated for 5 min prior to preparation of the microscope slide. This induction procedure is necessary for cells to accumulate sufficient numbers of MS2-GFP to detect the target RNA and to achieve full induction of the target gene [36, 37] . Usually, in one hour, two to four tagged RNAs are produced by a fully induced cell [38] . Finally, note that the MS2-GFP molecules alone distribute themselves homogeneously throughout the cytoplasm, and only in the presence of target RNAs do fluorescent spots appear [32, 39] .
In vivo nucleoid staining
There are several nucleoid associated proteins (NAP) that participate in its structural organization. In E. coli, major NAPs include H-NS, HU, Fis, IHF and StpA [40] . The dimeric histone-like protein HU is one of the most abundant [41, 42] . Because of this, we use a version of this protein that has been tagged with mCherry to study the spatial distribution of nucleoids [43] . We are grateful to Nancy Kleckner (Harvard University) for providing us with the plasmid pAB332 carrying hupA-mCherry. For our measurements, we inserted this plasmid into DH5α-PRO cells. This allows the detection of nucleoids in individual cells during the course of live cell microscopy sessions (see figure 3 ).
Stress conditions
To determine which concentrations of stressors (H 2 O 2 [44] or MES [45] ) would provide significant, while not lethal, stress responses, we measured growth rates in liquid culture containing various concentrations of H 2 O 2 or MES from the OD 600 , measured every 30 min up to 4.5 h. Once appropriate (sub-lethal but affecting growth rate) concentrations were found (0.6 mM for H 2 O 2 and 150 mM for MES), they were applied in the time lapse microscopy measurements, where division times were assessed from tracking individual cells, so as to confirm the effectiveness of the stressors (see Results section 'Effects of chemical stress on the morphological symmetry of the division process').
For fluorescence images of cells under stress, prior to microscopy we used the same culturing protocols as described above (section 'Induction of production of fluorescent complexes'). Stress conditions (oxidative stress and acidic shift) were applied at the start and then maintained during the microscopy measurements by a peristaltic pump that provided a continuous flow of fresh LB media containing either H 2 O 2 or MES at the appropriate concentrations, at the rate of 1 ml min −1 , through the thermal imaging chamber (Bioptechs, FCS2). In this setting, fresh media and stressors continously diffuse through the agarose. The sub-lethal stress conditions allow long live-cell imaging sessions. The addition of the stress agents to the warmed media began ∼2-5 min. prior to the start of the imaging procedure since, upon addition of these agents, the media conditions shift to the desired levels in a matter of seconds.
Imaging fluorescent complexes and morphological asymmetries in division
We placed 4 μl of culture on a 0.8% agarose gel pad of LB media set between a microscope slide and a cover slip. Next, we assembled the thermal imaging chamber (Bioptechs, FCS2) [46] . Time-lapsed florescence images were taken every minute for two hours. We also imaged cells without inducing the reporter gene (coding for MS2-GFP). For that, following the procedure described above, except for the induction of the reporter plasmid, we acquired bright-field images of cells, every minute for two hours, in optimal growth conditions (LB media, 37°C).
Cells were visualized (figures 1(B) and (C)) using a Nikon Eclipse (TE2000-U, Nikon, Japan) inverted microscope with a 100x Apo TIRF (1.49 NA, oil) objective. Fluorescence images were taken by a C1 confocal laserscanning system with pixel dwell of 1.33 μs, resulting in a line-scanning time of ∼1.4 ms. GFP fluorescence was measured using a 488 nm laser (Melles-Griot) and a band-pass 500-530 nm emission filter (HQ515/30 m, Nikon). The pinhole size was set to 1.2 AU, giving an optical sectioning depth of~0.83 μm (estimated as in [47] ), which suffices to cover the depth of the cells (see, e.g. figure 1 and scale bars within). Image acquisition was performed by Nikon EZ-C1 software. Bright-field images, as seen in figure 1(A), were taken by a CCD camera (DS-Fi2, Nikon, Japan).
When performing time-lapse measurements of mCherrytagged-nucleoid(s), we used Highly Inclined and Laminated Optical sheet (HILO) microscopy [48] . The imaging was performed using a Nikon Eclipse (Ti-E, Nikon) inverted microscope equipped with an EMCCD camera (iXon3 897, Andor Technology) and a 100x Apo TIRF objective (1.49 NA, oil). Nucleoids tagged by hupA-mCherry were observed using a 543 nm HeNe laser (Melles-Griot) and a band-pass 608-683 nm emission filter (Texas Red® filter block, Nikon). Cell borders were detected from Phase-Contrast images (example shown in figure 3(A)), which were captured using a CCD camera (DS-Fi2, Nikon, Japan).
Segmentation of cells and lineage construction from the images
Cells were detected from the time-lapse, confocal microscopy images by a semi-automatic method as in [49] . First, the images were temporally aligned using cross-correlation, to ensure that cells 'move' as little as possible over time. Next, cells were segmented by manually drawing a mask in GIMP (the GNU Image Manipulation Program [50] ) over the region that each cell occupied during the time-series. If a division occurred, two new masks were drawn over the new cells in the frame where the division was first observed. Afterwards, at each time point and for each mask, Principal Component Analysis (PCA) of the fluorescence distribution under the mask was used to obtain the position and orientation of the cell. To avoid biasing the centroid of the cell towards the poles with bright spots, we reduced the intensity of the 30 brightest pixels to the intensity of the 30th brightest pixel prior to PCA (we observed by inspection that this removed all such biases). Cell lineages were then constructed as in [26] , i.e. each cell at each time moment was assigned, as parent, the cell in the previous frame with the nearest centroid. To avoid incorrectly assigning adjacent cells as the cell's parent, this assignment was done after transforming the previous frame's cell centroids into the cell's space (i.e. poles at (−1, 0) and (1, 0) , and sides at (0, −1) and (0, 1)). A division is assumed to have occurred when two cells are assigned the same parent (verified also by inspection).
From the set of temporal images obtained by bright-field microscopy, cells were automatically segmented using CellAging [51] . After the automated segmentation, manual correction was performed to correct any errors. After manual correction, CellAging tracks the cells across time and finds cell divisions. Cell features such as area over time, division time, and parent, among others, are then extracted. The asymmetry in size for each division event is then calculated as: ΔS = (S c − S s )/(S c + S s ), where S c and S s are the areas of the daughter cell of interest and of its sister cell, respectively, immediately after division. This measure, where −1 and +1 denote maximum asymmetries and 0 denotes symmetry, is different by a factor of two from the 'percent difference' used by [22] , for example. Example images of a cell expressing MS2-GFP and target RNA that divided asymmetrically are shown in figure 2. This particular division occurred with Δ = S 0.11. From the set of temporal images obtained by phase contrast, cells were automatically segmented using MAMLE [52] . Subsequent analysis (and manual correction of the segmentation and of the lineage construction) was performed using CellAging [51] , as above.
Detection of individual fluorescent complexes from the images
We detected fluorescent MS2-GFP-RNA complexes in each cell, at each frame, as in [26, 49] . We segment fluorescent complexes automatically inside each mask with a kernel Figure 2 . Example images of a cell expressing MS2-GFP and the target RNA, ten minutes before the division was detected (A), and in the frame where the division was detected (B). (C) Image segmentation results for the frame (B), with detected cell ellipses from PCA (gray), and detected MS2-GFP-RNA complexes (white). Scale bar is 1 μm. density estimation (KDE) method for spot detection [53] , using a Gaussian kernel. This method measures the local smoothness of the image and determines spot locations by designating areas with low smoothness as spots. The results for the image in figure 2 (B) are shown in figure 2(C).
Cell-background-corrected complex intensities were then calculated by subtracting the mean cell background intensity multiplied by the area of the complex from the total fluorescence intensity of each complex. To avoid issues with quantizing the number of complexes in each pole [34] , we directly compared the fluorescence intensities of the complexes. The difference in complex intensities between daughter cells at a division event is calculated as: ΔI = (I c − I s )/ (I c + I s ), where I c and I s are the total background-corrected complex intensities of the daughter cell of interest and of its sister cell, respectively, immediately after division.
Detection of hupA-mCherry-tagged nucleoids from the images Nucleoid positions were estimated in cells the moment prior to their morphological separation into sister cells. As such, each cell contains two nucleoids. The centers and widths of the nucleoids were estimated by fitting a Gaussian mixture density distribution with two Gaussians with equal weight to the fluorescence intensity distribution along the major axis of the cells, normalized by half the cell length. The fit was done in a least-squares sense to a KDE of the fluorescence intensity distribution (see example in figure 3), using a Gaussian kernel and a bandwidth of 0.05. The centers of the Gaussians are interpreted to be the centers of the nucleoids. We determined the error resulting from the fit for differing levels of noise in the input data by simulating intensity traces with zero-mean Gaussian noise (see supplementary figure S1 ). We estimated the signal-to-noise ratio in the measurements to be ∼68, resulting in an error in the nucleoid separation measurement of ∼0.022.
Results
Symmetry of the division process
We first searched for morphological asymmetries between sister cells by following each division event in cells under optimal growth conditions. We imaged cells for two hours in LB media at 37°C, using both confocal and bright-field microscopy. In one case, we induced the expression of MS2-GFP and the RNA target for MS2-GFP, while in the other case these were not induced (see Methods). Example images of cells are shown in figures 1(A), (B) and (C) and in supplementary figures S2-S4.
From the images of cells expressing MS2-GFP and the RNA target obtained by confocal microscopy, we extracted the distribution of normalized differences in size (ΔS) between sister cells from the 170 division events observed during the measurement period. The standard deviation of this distribution (see supplementary figure S5(A) ) was found to be 0.10, which shows that most divisions are morphologically symmetric, with the bulk of the distribution lying near the origin. Note that this distribution is perfectly symmetric, since each division contributes with a positive and a negative value of ΔS.
Next, to determine if the size asymmetries can be reliably measured from the fluorescence images, we obtained the same distribution of morphological asymmetries between sister cells from bright-field images of cells in the same conditions ( figure S5(B) ). In these, 97 divisions were detected. The standard deviation of this distribution is 0.13, which is similar to the standard deviation obtained from the fluorescence images. Finally, to determine if the production of MS2-GFP alters the distribution of size asymmetries, we obtained this distribution from bright-field images of cells, without inducing MS2-GFP ( figure S5(C) ). In these measurements, 130 divisions were detected.
We compared the three distributions ( figure S5) . In doing so, we considered only the positive side of each distribution since the Kolmogorov-Smirnov (K-S) test assumes that all samples are independent and, in our case, the right and left sides of the distribution are necessarily identical. The K-S We conclude that they cannot be distinguished in a statistical sense (usually, for p-values smaller than 0.05, it is accepted that two distributions differ significantly).
These measurements confirm previous reports that the division of E. coli cells is, in general, morphologically symmetric under optimal conditions [1, 2] , though some highly asymmetric divisions can occur (2.3% of divisions exhibited Δ > S 1/3). It is also noted that the distributions in figure S5 are strikingly similar to the one reported in [22] . Finally, we find that the expression of MS2-GFP and/or RNA target does not affect the symmetry in the division of E. coli cells. In figure S5 , we observed that a few divisions were morphologically asymmetric. It is unknown whether pronounced morphological asymmetries in division introduce functional asymmetries between sister cells. It is reasonable to expect some, particularly from large morphological asymmetries, due to the expected differences in the numbers of components inherited by the two daughter cells from the mother cell.
We first searched for functional asymmetries between sister cells by analyzing the partitioning in division of MS2-GFP-RNA complexes as these are easy to detect and quantify [34] . Further, these complexes are highly stable [32] in that they are 'immortal' for periods much longer than the cells' division times [54] . Consequently, when cells divide, the complexes are partitioned between the daughter cells [26] . Finally, it has been established that these complexes first appear close to midcell, but are quickly segregated to the poles, where they tend to be retained [55] . The choice of pole is known to be unbiased, under both optimal and sub-optimal temperatures [26] .
From the 170 division events observed, we extracted ΔS, the normalized difference in size at birth, as well as ΔI, the difference in intensity of the complexes inherited by sister cells the moment following the division of their mother cell. The relationship between these quantities is shown in figure 4 . Since the distribution of ΔI is far from normal, we computed the Kendall's tau correlation [56] between ΔI and ΔS in each division event (see Methods). We found a positive correlation of 0.19 (the p-value of the null hypothesis that there is no relationship between ΔS and ΔI was 0.0004). From this, we conclude that larger cells tend to inherit more complexes, even though most of these are retained at the poles. As such, we also conclude that, as expected, asymmetries in division have tangible functional consequences.
Note also from figure 4 the stochasticity in the localization of the complexes: although overall there is a positive correlation between cell size and the intensity of its inherited complexes, one can also observe that, in a few cases, the smaller cell inherited all complexes. As noted, such events are possible because of the low number of complexes (see [49] ) and the somewhat stochastic nature of their positioning in the cell [26] .
Effects of chemical stress on the morphological symmetry of the division process
To assess the effects of acidic shift and oxidative stress, we selected concentrations of MES and H 2 O 2 , respectively, that produced mild stress conditions (see Methods) [57] . To quantify the degree of stress during the measurements, we measured the division time of cells born during the measurement period. Example images are shown in supplementary figures S6 and S7. For comparison, we obtained the same data from cells under optimal growth conditions (control).
The mean cell division time was found to be 66.7 min under optimal conditions, 87.2 min under acidic shift, and 91.0 min under oxidative stress, indicating that the cells are mildly stressed in the two latter conditions. To confirm this, we performed K-S tests to determine whether the distributions of division times in both stress conditions could be statistically distinguished from the distribution obtained from control cells. In both comparisons, the p-value was much smaller than 0.05, from which we conclude that the division times differed from the control.
Next, we studied the effects of the two mild chemical stresses on the degree of morphological asymmetries in division. In both, we extracted the distribution of the normalized difference in the sizes of sister cells at birth. The resulting distributions, along with the result from optimal conditions, are shown in figure 5 . The standard deviations of the distributions were 0.095 and 0.099 for oxidative and acidic shift stresses, respectively. Meanwhile, in cells under optimal conditions the standard deviation was 0.10. In agreement with the apparent similarity, we could not distinguish between any of these distributions using the K-S test (p-values > 0.05). Thus, we conclude that the distributions of cells under these two mild chemical stresses do not differ, in a statistical sense, from the distribution of cells under optimal conditions. Consequently, we conclude that the degree of symmetry of division is not significantly affected by either of these mild chemical stresses. 
Effects of suboptimal temperatures on the morphological symmetry of the division process
We imaged cells for two hours in LB media at 42°C, 37°C (optimal), 33°C, 30°C, and 24°C. From the images, we extracted the distributions of normalized difference in size between the daughter cells from all divisions observed in each condition ( figure 6(A) ).
The standard deviation of the distribution appears to increase for temperatures further from optimal ( figure 6(B) ). We performed K-S tests to determine if these changes are statistically significant. We found that distributions for temperatures of 30°C and below are statistically distinguishable from the distribution for 37°C. Also, the distribution at 42°C differs significantly from the distributions at 37°C and below (all p-values < 0.05). We conclude that changing the temperature from optimal to sub-optimal decreases the degree of morphological symmetry in cell division.
Effects of morphological asymmetries on cell division times
If there are significant functional asymmetries between sister cells due to morphological asymmetries at birth, their division times should differ, since cells that are healthier or that possess more resources tend to divide faster (see e.g. [27] ). To test this, from the data used in the previous section, for each temperature condition, we extracted the asymmetry in size at birth (ΔS) and subsequent division time (τ div ) of each cell that was born and then divided during the measurements. Then, given the definition of ΔS (see Methods), we tested whether relatively larger cells tend to divide faster on average. That is, we searched for statistically significant negative correlations between ΔS and τ div . Note that all cells considered necessarily participate in two division events, first as a daughter and then as a parent.
The correlation between asymmetries in size at birth and subsequent division times is shown in table 1 (Kendall's tau between ΔS and τ div ), for each temperature condition, along with the number of cells analyzed. As temperature decreases, the correlation (negative) becomes statistically significant (pvalue < 0.05 for 30°C and lower temperatures) and gradually increases, implying that relatively larger daughter cells divide faster than the average division time of the population. The most significant increase is between 30°C and 24°C. Further, at 42°C, the correlation also becomes significant. Overall, we conclude that for temperatures beyond the optimal temperature, the two quantities become significantly anticorrelated. The degree of anticorrelation increases as the temperature gets further from optimal.
Additionally, we examined whether the division time of each daughter cell is related to the degree of morphological asymmetry in the next division, i.e. we assessed whether faster dividing cells tend to exhibit larger morphological asymmetries in division. For this, we extracted the division times of each cell (τ div ) and the magnitude of the asymmetry in its division (referred to as |ΔS′|). The results in table 1 (last column) show no significant correlation for any temperature condition. Overall, these results suggest that the faster dividing cells do not do so at the cost of morphological symmetry in division.
Finally, we searched for a relationship between ΔS and differences between the τ div 's of sister cells. That is, we assessed if asymmetries in division are correlated with subsequent asymmetries in division times. However, we did not find such a relationship in the available data.
Mechanisms underlying the morphological asymmetries under sub-optimal temperatures
When the Min system is disrupted, it is common to observe the appearance of 'minicells' [3] . Since we did not observe minicells in any temperature condition, we hypothesized that the increased variances in the division point at sub-optimal temperatures were either due to higher variability in the cell sizes or due to increased relative distance between nucleoids.
To test the former possibility, we extracted the distribution of non-normalized asymmetry in sizes between sister cells at 24°C, 37°C and 42°C (supplementary figure S9) . The K-S tests to distinguish between these distributions resulted in p-values < 0.05, which implies that they differ between conditions. Since we obtained the same conclusion using the normalized values ( figure 6(A) ), we next investigate the differences in relative distance between nucleoids.
To test this, we made use of hupA-mCherry to visualize the nucleoids in vivo [43] and measured the positions and sizes of the two nucleoids in each cell in the moment prior to division, at 24°C, 37°C and 42°C (see Methods). First, we saw no significant change in relative nucleoid size with temperature (data not shown). Next, we tested for changes in the mean relative distance between nucleoids. For simplicity, as their size was unaffected, we measured the distance between nucleoid centers in individual cells in each condition.
In figure 7 , for each cell in each condition, we show the position of the center of each of the nucleoids along the major cell axis, the moment prior to division (normalized by half the cell length). In addition, in table 2 we show the mean distance between the centers of the nucleoids in each cell, along with the standard deviation, and the p-value of the t-test to distinguish between the means of pairs of conditions. From figure 7 and table 2, the mean distance between the centers of the nucleoids in each cell is visibly minimized at 37°C, and is consistent with the lesser variance in the division point. Also the smaller standard deviation of the distances between the nucleoids in each cell is in agreement with such lesser variance. In addition, the t-tests in table 2 show that the distributions of positions are statistically distinct, except between 24°C and 42°C, as expected from the equality of the means in these two conditions. Finally, note that there is no overlap between the confidence intervals of the means (column 2 in table 2) from different conditions (these intervals include the variability in the centers' position arising from biological sources or from any uncertainty in the method of determination of these positions from the images).
It also interesting to note that, assuming that the border of a nucleoid is one standard deviation away from the center (based on the Gaussian fit), it is possible to determine that the measured increase of 5% in the mean normalized distance between the nucleoid centers (at sub-optimal temperatures) corresponds to an ∼8% increase in the mean normalized distance between the borders of the two nucleoids. This increase should suffice to explain the observed increase in the errors in positioning of the division plane at sub-optimal temperatures (figure 6).
Overall, these results are in agreement with the hypothesis that the source of increased asymmetry in the division process of E. coli cells at sub-optimal temperatures is the increased relative distances between nucleoids (see schematic figure 8 ).
To further assess whether the distance between nucleoids at the moment of division influences the degree of randomness (and thus asymmetry) in the selection of the point of division, for each temperature condition we compared the mean normalized distances between nucleoid centers the moment before division between the 25% cells exhibiting higher asymmetry in division (ΔS) and the remaining 75% of the cells. We found that, in all conditions, the cells with larger mean distances between nucleoid centers at the moment of division also exhibit higher mean degrees of morphological asymmetry in division, in agreement with our hypothesis. In particular, in each condition, the mean normalized distances between nucleoid centers of cells with larger and smaller morphological asymmetries in division equaled, respectively, 1.02 and 0.99 at 42°C, 0.97 and 0.94 at 37°C, and, finally, 1.01 and 0.99 at 24°C.
As a side note, the results in figure 7 and table 2 depend on the accuracy of the determination of the centers of the nucleoids. Unfortunately, such accuracy is too complex to calculate as it depends on numerous variables (e.g. noise in fluorescence of hupA-mCherry, noise in mCherry localization, noise from the fluorescence detector device, accuracy of the image processing, goodness of the model fit, among other). Instead, as the centers are obtained from the models that are fitted to the fluorescence intensity curves (figure 3), we estimated how well these models fit the data by obtaining the median of the coefficient of determination obtained from each cell, for each condition (last column in table 2). From these results, we find that the model fits the data well, in that it explains at least 70% of the observed variance in the fluorescence intensities along the major axis of the cells as obtained from the hupA-mCherry staining. Table 1 . For each condition, the table shows the temperature, the number of cells observed that divided at least twice, the correlation between the asymmetry in size at birth (ΔS) and the subsequent division time (τ div ), and between the division time (τ div ) and the magnitude of the subsequent asymmetry in size in division (|ΔS′|). The p-value of the null hypothesis that there is no relationship (i.e. that Kendall's tau is 0) is shown in parentheses. Scatterplots of the relationships between these variables are shown in supplementary figure S8 . 
Discussion
Previous studies showed that, in optimal conditions, the division process of E. coli cells is highly symmetric, with only a few divisions exhibiting morphological asymmetry. This symmetry is made possible by at least two mechanisms, the Min system and nucleoid occlusion. The existence of regulatory mechanisms responsible for achieving a nearsymmetric division suggests that such morphological symmetry in division is advantageous to E. coli, at least in optimal growth conditions. However, little is known of how the symmetry of this process is affected by physiological stress. Such effects, which we observed here to be tangible, may influence the survival of these organisms under such conditions and, thus, their pathogenicity or antibioticresistance.
Here, we first investigated whether morphological asymmetries in division are a source of functional asymmetries between sister cells under optimal conditions. Our measurements showed that morphological asymmetries between sister cells are strongly, positively correlated to the differences in the numbers of MS2-GFP-RNA complexes that these cells inherit from the mother cell. As such, we expect morphological asymmetries in division to also create asymmetries in the partitioning of cellular components, which should create asymmetries in the division times [12] .
Next, we studied the extent to which the morphological symmetry in the division of E. coli cells is robust to nonoptimal environmental conditions. First, we studied whether mild chemical stresses (acidic shift and oxidative stress) affected the degree of morphological symmetry. Even though the growth rate of the cells was significantly hampered due to stress, the distributions of asymmetry in sizes between sister cells were statistically not different from those at optimal growth conditions. A previous study made similar conclusions concerning cells subject to physical stress [22] . One plausible explanation is that the mild chemical stresses applied here did not affect the mechanisms associated with the degree of symmetry in division (nucleoid occlusion and the Min system). Afterwards, we studied how sub-optimal temperatures affected the morphological symmetry in division. The frequency of asymmetric divisions was found to Figure 8 . Schematic representation of the role of the nucleoids in the definition of the point of cell division. Two situations are represented: optimal and sub-optimal. Under the optimal temperature, the relative distance between nucleoids is minimal, which minimizes the uncertainty of the point of division. Meanwhile, under sub-optimal temperatures, the larger relative distance will result in distributions of normalized asymmetry in the size of sister cells at birth with greater variance, while the mean division point remains unaffected. Also represented (grey gradient in background) is an illustration of the regions (darker polar regions) where the formation of the point of division is inhibited by the Min system. increase as temperature changed from optimal to sub-optimal. From this, we conclude that the mechanism responsible for the symmetry observed in division is not robust to temperature changes. Relevantly, we also found a statistically significant correlation between asymmetries in size at birth and subsequent division times. This is in agreement with [12] , where it was reported that the size of an E. coli cell affects when it divides. We hypothesize that this correlation might explain how the precision in division at optimal temperatures evolved. Namely, if there is no need for cells to adopt a bet-hedging strategy under optimal conditions, then symmetry in division is advantageous. At sub-optimal temperatures, the decrease in precision of the point of division may also be beneficial, in that it allows a cell to hedge its bets towards one of the daughter cells, which would explain why the mechanisms determining the division point have not evolved robust temperature resistance. However, it is also possible that such temperature-resistance is not possible, due to the nature of the mechanisms responsible for the symmetry.
It is worth mentioning that we found no correlation between the division time of a cell and the degree of asymmetry in size in its next division (τ div and |ΔS′| above). This suggests that the mechanisms responsible for symmetry in division are not significantly affected by a cell delaying or accelerating its moment of division. This might not be surprising, given the properties of the Min system (oscillation period of 40 s [58] ) and of the time it may take the nucleoid(s) to change position with changing temperature [43] .
Finally, we investigated the physical mechanism responsible for the observed increase in variance in the point of division. Our results suggest a simple explanation. Namely, at suboptimal temperatures, while the relative sizes of the nucleoids are unchanged, the mean relative distance between the two nucleoids increases. Provided that the positioning of the division point is near random in between nucleoids [14] , this increase in the mean relative distance necessarily increases the variance in the division point. Future studies on why temperature changes affected the nucleoid's positioning should provide valuable information on the mechanisms responsible for this positioning. It is likely that such a study will require analyzing the potential relationship between growth dynamics, nucleoid positioning, and variability of the point of division, as a function of temperature.
Finally, it is worth noting that we do not expect the observed morphological asymmetries in division to generate significant asymmetries in numbers of inherited molecules between sister cells when, for example, these molecules exist in large numbers in the cells, or when they are evenly located at the cell poles. However, significant asymmetries in numbers of inherited molecules due to the morphological asymmetries in divisions (of a degree reported here) ought to occur when, first, the molecule exists in small numbers and, second, either it distributes itself homogenously throughout the cytoplasm, or it preferentially locates at midcell. Relevantly, several RNA molecules appear to fit both conditions. Namely, usually they exist in numbers ranging from 1 to a few [59, 60] and are located either at midcell, or randomly throughout the cytoplasm [61] [62] [63] .
We conclude that the functionality of E. coli cells is not immune to asymmetries at birth, which may explain why E. coli has evolved a robust process of symmetric division under optimal conditions. We further conclude that, even though it is based on at least two mechanisms, this process lacks robustness at sub-optimal temperatures, leading to larger asymmetries, and consequently, increased population diversity in cell functionality, including vitality.
